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Abstract. We study optical waveguides that include layers of materials and metamaterials with hyperbolic dispersion (HMM). We 
consider long-range regime at the dielectric-HMM interface in different waveguide geometries (single interface or symmetric cladding 
with different layers). In contrast to the traditional analysis of geometrical parameters, we make emphasis on optical properties of 
constituent materials, and by solving dispersion equations, analyze how dielectric and HMM permittivities affect propagation length 
and mode size. We derive a figure of merits that should be used for each waveguide in a broad range of permittivity values as well as 
compare them with plasmonic waveguides. We show conventional plasmonic quality factor, which is the ratio of real to imaginary parts 
of permittivity, is not applicable to the case of waveguides with complex structure. Both telecommunication wavelengths and mid-
infrared spectral ranges are of interest considering recent advances in van der Waals materials such as hexagonal boron nitride. Finally, 
we evaluate the performance of the waveguides with hexagonal boron nitride in the range where it possesses hyperbolic dispersion (6.2 
– 7.3 µm), and we identify the optimum wavelength for each type of the waveguide. 
     
1. Introduction 
Material and metamaterials with hyperbolic dispersion (hyperbolic metamaterials, HMMs) have attracted avid scientific interest over 
the last decade because of unusual optical properties and great potential for optical applications [1-4]. These materials support 
propagating waves with high propagation constant and effective refractive index, and thus allow light concentration at scales much 
below the diffraction limit [5]. Hyperbolic dispersion enables an increased density of photonic states in the structures that result in strong 
and broadband spontaneous emission and absorption enhancement as well as anomalous heat transfer and slow light propagation [6-13]. 
Both natural and artificially designed materials can possess hyperbolic dispersion, but decreasing optical losses in such materials is a 
long-standing problem and the search for low-losses materials is in progress [14,15]. 
Recently, HMM were proposed to be included in waveguide components, and in particular to serve as one- or two-side cladding of 
waveguides [16-25]. HMM-cladded waveguides have been shown to outperform the conventional plasmonic waveguides such as metal-
insulator-metal and insulator-metal-insulator waveguides [17]. Furthermore, we have demonstrated theoretically that upon special 
design, single insulator-HMM (IH) interface can support surface waves with long-range propagation regime [18]. This occurs when 
perpendicular components of HMM is approximately equal to the permittivity of the adjacent dielectric layer. In contrast to plasmonic 
waveguides that support long-range waves only being a thin metal film in the nearly uniform cladding [26-30], HMM enable long-range 
propagation for the waveguide of any thickness, and the propagation length can be on the order of a millimeter [18]. 
In the present paper, we show the existence of long-range regime for all three waveguides (WGs) – IH, HIH, and IHI – and we show 
that IHI-WG has the largest propagation-length/mode-size ratio, and HIH-WG has the lowest (Section 2). For each WG, we show how 
propagation length depends on materials permittivity and what figure of merit (FoM) is the most appropriate for particular permittivity 
values. We find scaling law of propagation length from real and imaginary parts of permittivity, and we show that these scaling laws 
are lower than for conventional plasmonic WGs such as IM, IMI, and MIM (Section 3). Among others, we show that neither conventional 
quality factor  Re[ ] / Im[ ]-  nor FoM of propagating surface plasmon polaritons (SPPs) along the single interface  2Re[ ] / Im[ ]  (ε 
is metal or HMM permittivity) are applicable to the case of WGs with complex structure. Finally, we analyze optical properties of 
hexagonal boron nitride in the wavelength range where it possesses type II hyperbolic dispersion. We calculate FoMs at different 
wavelengths, and we show that for IH-WG, it is beneficial to operate at wavelength λ = 6.9 µm, and for IHI- and HIH-WGs, at λ ≈ 6.2 µm 
(Section 4).   
 
2. The long-range regime for the WGs with HMM layers  
We consider three WG structures that include HMM layers: IH, IHI, and HIH (Fig. 1). The HMM is modeled as an anisotropic medium 
with effective-permittivity tensor components ( , , )xx yy zz xx    , where yy 0>  and xx zz , 0< (type II or metallic-type HMM), 
and the WGs are considered an infinitely wide (one-dimensional). In all cases, WG claddings are infinitely thick, and we solve dispersion 
equations for two- or three-layer structure. As dielectric layers, we use materials with permittivity c  close to yyRe[ ] . As we show 
below, to achieve long-range propagation, the dielectric permittivity c  should match transverse component of HMM permittivity 
yyRe[ ] . In Fig. 1, we plot mode profiles for all three WGs. At the interface, the electric field yE  experiences a discontinuity because 
c 2=  and yy 2.35= ; however, in contrast to the conventional metal-dielectric interface, the sign of yE  remains the same. 
Comparing these three cases for the same c 2= , one can also see that IHI-WG has the highest mode expansion, and HIH-WG has the 
lowest one. 
 
Fig. 1. Schematic view of the WGs under consideration: (a) dielectric-HMM single interface (IH), (b) dielectric-HMM-dielectric 
waveguide (IHI), and (c) HMM-dielectric-HMM waveguide (HIH). Modes are plotted for a perpendicular component of the electric 
field yE  and c 2=  for all three WGs. For the IHI-WG, we show only the first symmetric mode. We perform calculations for 
IHI HIH 100 nmd d  , εxx = εzz = -24.6 + 0.7i, and εyy = 2.35 + 0.0002i, which correspond to effective medium approximation of 
Ag/MgF2 multilayer with filling ratio r = 0.2, εAg = -130.35 + 3.5i [31], and εMgF2 = 1.878 [32] for the wavelength λ0 = 1.55 μm. 
 
For the single interface between dielectric with permittivity c  and HMM, the mode dispersion is defined by  
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Correspondently, zk ,IHI  and zk ,HIH  of IHI- and HIH-WGs can be found from an implicit equation 
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where for IHI-WG 2 IHId d  is the HMM thickness, 1, 3,zz zz c    , 2,zz zz  , y y y zk k k k k2 2,1 ,3 ,diel ,IHI c 0 ,= = = -  
y xx z yyk k k 2 2,2 ,IHI 0( / )= - ; and for HIH-WG 2 HIHd d  is the dielectric thickness, 1, 3,zz zz zz    , 2, zz c  , 
y zk k k2 2,2 ,HIH c 0 ,= -  y y y xx z yyk k k k k 2 2,1 ,3 ,HMM ,HIH 0( / ).= = = -  
Propagation length L of the signal in any WG is defined through a complex propagation constant kz,w of the WG mode as 
1
,Im[2 ] ,z wL k   and the effective index is eff , 0Re[ ] /z wn k k . Beside it, we study penetration depths of the WG modes that are defined 
for IH- and IHI-WGs as yk 1diel ,dielRe[2 ] ,-=  and for HIH-WG as yk 1HMM ,HMMRe[2 ]-= . Correspondently, mode size is 
  IH diel,IH HMM,IH= +  for IH-WG, d IHI diel,IHI HMM2= +  for IHI-WG, and d HIH HIH HMM,HIH2= +  for HIH-WG. 
To analyze WG properties, we vary c  and fix HMM permittivity ( , , )xx yy zz xx    . Each of IH- and HIH-WGs supports only one 
mode. However, dispersion equation of IHI-WG has multiple solutions, and we calculate first four modes of it: two symmetric and two 
anti-symmetric IHI-WG modes. Results of the calculations show that for c yy Re[ ]» , propagation length in IH-WG, HIH-WG, and 
IHI-WG with the first mode increases (Fig. 2a). At the same time, no pronounced changes occur for the second, third, and fourth modes 
of the IHI-WG. One can show that for the long-range modes and relatively low material losses, the inequation c yy Re[ ]<  should be 
satisfied to ensure confinement of the mode to the interface ( yk ,dielIm[ ] 0>  and yk ,HMMIm[ ] 0> ). Similar to the conventional plasmonic 
WGs, IHI-WG has the highest propagation length and the HIH-WG has the lowest (Fig. 2a). 
 
Fig. 2. (a) Propagation length L and (b) effective mode index vs. permittivity of the dielectric c . IH-WG mode, the first symmetric 
mode of IHI-WG, and HIH-WG mode show a significant increase of L in the vicinity c yy Re[ ]» . Three other IHI-WG modes 
monotonically decrease. HMM permittivity and thickness of the WG cores are the same as in Fig. 1. 
 
Effective indices of the modes of IH- and HIH-WGs as well as first two modes of IHI-WG are close to one (Fig. 2b). For the second 
symmetric and anti-symmetric modes, the indices are 2.1 – 3 and 3.6 – 5.2, respectively (not shown here). HIH-WG possesses a 
significant decrease of the effective index for c yy Re[ ]» , which is also typical for the long-range regime.  
Furthermore, first symmetric IHI-WG mode as well as IH-WG and HIH-WG modes possess a significant extension in the case of 
c yy Re[ ]»  (Fig. 3a). Three other IHI-WG modes (the second symmetric and two anti-symmetric) monotonically decrease. One can 
also analyze the ratio of the propagation length to effective mode size (Fig. 3b). IH-, IHI-, and HIH-WGs have a common feature: first, 
the ratio increases for c yy Re[ ]  and then drops for c yy Re[ ]» , which means that for c yy Re[ ]» , the mode size is increasing 
faster than the propagation length. In contrast, for the second symmetric and anti-symmetric modes, the ratio is approximately 70 and 
almost does not vary with dielectric permittivity (not shown in the figure).  
The ratio of the propagation length to effective mode size is traditionally considered as a figure of merit, but it may be misleading. For 
instance, results show the ratio is the highest for IHI-WG. However, for the wavelength λ0 = 1.55 μm, it has mode size 1-10 µm even 
out of the long-range regime, which can be impractical for nanophotonic applications. Varying material permittivities (HMM and 
dielectric) and thickness of the core, one can achieve either higher propagation length or smaller mode size, and the ratio between them 
will also vary. Thus, the optimum design should be defined based on the application of interest. 
 
Fig. 3. (a) Penetration depth of the modes outside the IH interfaces. (b) The ratio of the propagation length to effective mode size. HMM 
permittivity and thickness of WG cores are the same as in Fig. 1. 
 
3. Propagation length and figure of merit  
For the structures with localized surface plasmon resonance (LSPR) at the metal surface with permittivity m  at frequency ω, the quality 
factor, or how many plasmon oscillations occur before field decays, QLSPR  is typically defined as: 
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Thus, the quality factor of LSPR linearly depends on mRe[ ] .  
Surface plasmon polaritons on a single insulator-metal (IM) interface have propagation constant spp m c m ck c    ( / ) / ( )= + .  
One can show that for this waveguide with relatively small losses in the metal, quality factor QSPP  dependents on m 2Re[ ] : 
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In turn, propagation length 
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which can also be obtained assuming spp ck k  1/20Re[ ] »  in Eq. (5) and taking into account c m  . Thus, we see that FoM of the 
IM-WG can be defined as 
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For more complex WG designs like MIM or IMI, the scaling law is not well defined. Yet, the question is important [33-35]: Recently, 
a variety of new plasmonic materials has emerged, and one needs to identify the best performing materials. Some materials have low 
optical losses, but at the same time, m| Re[ ] |  is also small [36-39]. Optical properties analyses of different plasmonic materials can 
be found in Ref. [36] and [37], and here we are focused only on their properties for WG structures. 
In Table 1, we summarize metal properties, quality factors QSPP  and QLSPR¢ , and propagation lengths LIM  and LIMI of IM- and IMI-
WGs, respectively. Calculations of LIM  and LIMI  are performed for the WGs with dielectrics of c 2.2= ; IMI metal thickness is 20 
nm. Different experimental data are available in the literature, including recent advances in the fabrication of low-loss copper and 
aluminum [40], but we choose data of conventional fabrication techniques. From the calculations, we see that QSPP  adequately predicts 
what metal is better for the single-interface IM-WG: QSPP  and LIM  are the highest for aluminum and the lowest for copper. However, 
it is not the case for IMI-WG: LIMI  is the highest for gold, and the propagating losses are better described by QLSPR¢ . 
Table 1. Metals, their permittivities at 1.55 µm, quality factors QSPP  and QLSPR¢ , and propagation lengths LIM  and LIMI of IM- and 
IMI-WGs, respectively. 
Metal  m  
LIM  
[µm] 
QSPP  
LIMI  
[mm] 
QLSPR¢  
Al [41] -257.5+47i 109 640 1.3 5.5 
Au [42] -115+11.3i 87 530 3.4 10.2 
Cu [43] -68+10i 34 210 2.4 6.8 
 
Further, we study power law dependence of propagation length L on real and imaginary parts of permittivity for different WGs under 
consideration without focusing on specific materials (Fig. 4). For purposes of the study, we vary permittivity in a broad range 
(somewhere broader than realistic values). Results for this power-law scaling are summarized in Table 2. Calculations for IM-WG agree 
with Eq. (7) and show that propagation length scales as m 2Re[ ] . For IMI- and MIM-WGs, L scales as a lower power of mRe[ ] . In 
particular, for IMI-WG with -250 ≲ mRe[ ]  ≲ -25, the dependence is ( )mL  0.58IMI Re[ ]- . It means that for the case of 
conventional noble metals, traditional QSPP  [Eq. (5)] is not applicable at all (see examples in Table 1).  
 
Fig. 4. Propagation length vs. permittivity ratio. (a) yyIm[ ]  is varied, and yyRe[ ] 2.35=  and xx i -24.6+0.7=  are fixed; (b) xxIm[ ]  
is varied, and xxRe[ ] 24.6= -  and yy 2.35+0.0002i=  are fixed; (c) xxRe[ ]  is varied, and xxIm[ ] 0.7=  and 
yy i 2.35 0.0002= +  are fixed. For IM-, IMI-, and MIM-WGs xx yy zz    . IMI-WG has a cladding of c 2.2=  and metal 
thickness 20 nm, which is thin enough to enable long-range propagation regime for metals. MIM-WG has a gap of 50-nm thickness and 
c 2.2= . Parameters of IH, IHI, and HIH-WGs are the same as in Figs. 1-3 and c 2.2=  for dielectrics. 
 
Table 2. Power law of real and imaginary parts of permittivity for different WGs: the results of approximation of curves in Fig. 4. For 
very small losses, some curves become flat, which means that propagation losses are defined solely by the imaginary part of another 
permittivity component, and thus k 0=  (“low-loss” notation).  
WG n in ( )nxxL Re[ ]-  
k in ( ) kyyL Im[ ] -   
or ( ) kxxIm[ ] -  
IM 2 1 
IMI 2 ( mRe[ ]≲ -250) 0.58 (-250 ≲ mRe[ ]≲ -25) 1.78 ( mRe[ ]≳ -25) 1 
MIM 1.5 1 
IH 1 for xx( Re[ ])- ≳ 250 1.5 for 2 ≲ xx( Re[ ])- ≲ 250 1 (regular) 0 (low losses)
IHI 1 for xx( Re[ ])- ≳ 250 0 for xx( Re[ ])- ≲ 250 1 (regular) 0 (low losses)
HIH 0.5 for xx( Re[ ])- ≳ 250 0 for xx( Re[ ])- ≲ 250 1 (regular) 0 (low losses)
 
 
Waveguides of IH, IHI, and HIH configurations in long-range propagation regime possess properties similar to WGs with metals, and 
propagation length L scales differently in different permittivity ranges (Table 2). As has been shown in the previous subsection, 
propagation length L strongly depends on the difference between yyRe[ ]  and c  . Thus, a variation of yyRe[ ]  directly affects long-
range regime, and in the further calculations, we keep it fixed. Instead, we vary xxRe[ ] , xxIm[ ]  , and yyIm[ ]  with the aim to find L 
scaling law and define FoMs for different WG containing HMM layers. Two different regimes can be identified based on xxRe[ ]  value. 
For in-plane permittivity component with xx xx ( Re[ ] / Im[ ])- ≲ 350, which means xx( Re[ ])- ≲ 250 for the fixed xxIm[ ] 0.7,=  
FoMs of IH-, IHI-, and HIH-WGs in long-range propagation regime ( yy c Re[ ] » ) are 
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and correspondently, for in-plane permittivity component with xx( Re[ ])- ≳ 250, they are  
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4. Propagating phonon-polaritons in hexagonal boron nitride  
In the previous section, we have derived FoMs for different WG types and considered several metals as an example, but the applicability 
of these FoMs is not limited to metals and telecommunication wavelength. However, there is a lack of natural materials with hyperbolic 
dispersion and low optical losses in visible and near-infrared spectral ranges [44], and artificial HMM, e.g. multilayer structures, needs 
to be included in a WG design. In the case of the multilayer structure, tensor components can be varied by appropriate choice of each 
layer thickness.  
Recently reported studies on van der Waals layers of hexagonal boron nitride have revealed unusual optical properties of the material 
[45-48]: because of the excitation of phonon-polaritons, permittivity is anisotropic and one or another component can be negative at 
particular spectral range (two Reststrahlen bands, approximately around λ = 7.3 and 12.8 µm). We are interested in the region of λ ≈ 6.2 
- 7.3 µm, where hexagonal boron nitride has type II hyperbolic dispersion. In Fig. 5, we show permittivity spectra of data from [49], 
and only real part is plotted for clarity. Based on it, we calculate FoMs of IH-, IHI-, and HIH-WGs made out of hexagonal boron nitride 
in different wavelength ranges: FoM (1)  is used for λ = 6.2 - 6.9 µm, where xx zz xx zz , ,( Re[ ] / Im[ ])- ≲ 350 and xx zz ,( Re[ ])- ≲ 10, 
and FoM(2)  is used for λ = 6.9 - 7.3 µm, where xx zz ,( Re[ ])- ≳ 10. Despite Eqs. (8,9) do not take into account change of λ, the main 
contribution comes from the change of permittivity, and λ does not affect significantly propagation length if long-range propagation 
regime is achieved at yy c Re[ ] » . For the spectral range under consideration, yyRe[ ] 2.8»  and does not vary with the wavelength 
(see Fig. 5a). It means that designing IH-, HIH-, or IHI-WG with long-range propagation, there is no need to adjust dielectric permittivity 
to a different wavelength and long-range propagation can be achieved with c 2.8» . From the FoMs calculations, we see that FoMs 
vary in a broad range: it is beneficial to operate at λ = 6.9 µm designing IH-WG, but λ ≈ 6.2 µm is the best for IHI- and HIH-WGs. For 
the λ > 6.9 µm, the propagation lengths of all WGs drop. 
       
 
Fig. 5. (a) Tensor components of hexagonal boron nitride permittivity: In-plane xx zz Re[ ] Re[ ]=  and out-of-plane yyRe[ ]  (only real 
parts are shown and xx zz ,Re[ ]  is plotted with minus). Black dotted line denotes an approximate change of the regime at 
xx zz ,Re[ ] 10- = , where different FoMs should be used at larger or smaller wavelengths. (b) FoM (1)  for λ = 6.2 - 6.9 µm and (c) 
FoM (2)  for λ = 6.9 - 7.3 µm of IH-, IHI-, and HIH-WGs made of hexagonal boron nitride. 
 
5. Conclusion 
Long-range propagation of SPPs is well known for thin metal films: it is enabled by effective coupling of plasmons on two metal-
dielectric interfaces and can be observed for any permittivity of the dielectric provided that the SPPs exist. In contrast, for the interface 
of dielectric and HMMs, the possibility of long-range propagation is defined by the dielectric permittivity that needs to match 
perpendicular component of HMM permittivity tensor. In the present work, we have studied long-range propagation regime for three 
waveguide designs: single dielectric-HMM interface, dielectric-HMM-dielectric, and HMM-dielectric-HMM. We have shown that 
similar to a conventional metal-dielectric interface, the dielectric-HMM-dielectric waveguide has the largest propagation length, and 
HMM-dielectric-HMM waveguide has the best mode localization. We have also studied properties of the three waveguides in long-
range propagation regime with respect to material permittivity, both real and imaginary parts. We have compared their dependencies 
with those of conventional metal waveguides, and in particular, we have shown that propagation length for dielectric-HMM and 
dielectric-HMM-dielectric is proportional to xxRe[ ] , while for IM and IMI waveguides it is ( )m 2Re[ ] . Finally, we have analyzed 
properties of naturally-hyperbolic material hexagonal boron nitride and concluded that the best waveguiding properties can be at 
λ = 6.9 µm for the single interface of dielectric and HMM and at λ ≈ 6.2 µm for the waveguides with symmetric cladding. 
 
References [a1a2a3a4 a5a6a7a8 a9a10a11a12a13 a14a15a16a17a18a19a20a21a22a23a24a25a26a27a28a29a30aa31a32a33a34a35 a36a37a38a39a40a41a42 a43a44a45a46a47a48a49] 
1 V. P. Drachev, V. A. Podolskiy, and A. V. Kildishev, “Hyperbolic metamaterials: new physics behind a classical problem,” Opt. Express 21(12), 
15048–15064 (2013). 
2 A. Poddubny, I. Iorsh, P. Belov, and Y. Kivshar, “Hyperbolic metamaterials,” Nat. Photonics 7(12), 948–957 (2013).  
3 E. E. Narimanov and A. V. Kildishev, “Naturally hyperbolic,” Nat. Photonics 9(4), 214–216 (2015). 
4 H. N. S. Krishnamoorthy, Z.  Jacob, E. Narimanov,  I. Kretzschmar, and V. M. Menon,  “Topological  transitions  in metamaterials,” Science 
336(6078), 205–209 (2012). 
5 S. V. Zhukovsky, O. Kidwai, and J. E. Sipe, “Physical nature of volume plasmon polaritons in hyperbolic metamaterials,” Opt. Express 21(12), 
14982–14987 (2013). 
                                                                
                                                                                                                                                                                                                                              
6 Z. Jacob, I. I. Smolyaninov, and E. E. Narimanov, Appl. Phys. Lett. 100, 181105 (2012). 
7 Z. Jacob, J.‐Y. Kim, G. V. Naik, A. Boltasseva, E. E. Narimanov, and V. M. Shalaev, Appl. Phys. B 100, 215 (2010). 
8 M. Y. Shalaginov, V. V. Vorobyov, J. Liu, M. Ferrera, A. V. Akimov, A. Lagutchev, A. N. Smolyaninov, V. V. Klimov, J. Irudayaraj, A. V. Kildishev, 
et al., Laser and Photonics Reviews 9, 120 (2015). 
9 Z. Liu, H. Lee, Y. Xiong, C. Sun, and X. Zhang, “Far‐field optical hyperlens magnifying sub‐diffraction‐limited objects,” Science 315(5819), 1686 
(2007). 
10 S.V. Zhukovsky, A.A. Orlov, V.E. Babicheva, A.V. Lavrinenko, J.E. Sipe, "Photonic‐band‐gap engineering for volume plasmon polaritons in 
multiscale multilayer hyperbolic metamaterials," Physical Review A 90, 013801 (2014). 
11  A.V.  Chebykin,  V.E.  Babicheva,  I.V.  Iorsh,  A.A.  Orlov,  P.A.  Belov,  S.V.  Zhukovsky,  "Enhancement  of  the  Purcell  factor  in multiperiodic 
hyperboliclike metamaterials," Physical Review A 93, 033855 (2016). 
12 J. S. T. Smalley, F. Vallini, S. A. Montoya, L. Ferrari, S. Shahin, C. T. Riley, B. Kanté, E. E. Fullerton, Z. Liu, and Y. Fainman, "Luminescent 
hyperbolic metasurfaces," Nature Communications 8, Article number: 13793 (2017). 
13 K. L. Tsakmakidis, A. D. Boardman, and O. Hess, Nature 450, 397 (2007). 
14 S. Kalusniak, L. Orphal, and S. Sadofev, "Demonstration of hyperbolic metamaterials at telecommunication wavelength using Ga‐doped 
ZnO," Opt. Express 23, 32555‐32560 (2015) 
15 D. Wei, C. Harris, C. C. Bomberger, J. Zhang, J. Zide, and S. Law, "Single‐material semiconductor hyperbolic metamaterials," Opt. Express 
24, 8735‐8745 (2016) 
16 V. E. Babicheva, M. Y. Shalaginov, S. Ishii, A. Boltasseva, and A. V. Kildishev, “Finite‐width plasmonic waveguides with hyperbolic multilayer 
cladding,” Opt. Express 23(8), 9681–9689 (2015). 
17 S. Ishii, M. Y. Shalaginov, V. E. Babicheva, A. Boltasseva, and A. V. Kildishev, “Plasmonic waveguides cladded by hyperbolic metamaterials,” 
Opt. Lett. 39(16), 4663–4666 (2014). 
18 V.E. Babicheva, M.Y. Shalaginov, S. Ishii, A. Boltasseva, and A.V. Kildishev, "Long‐range plasmonic waveguides with hyperbolic cladding," 
Opt. Express 23, 31109‐31119 (2015) 
19 Y. He, S. He, and X. Yang, “Optical field enhancement in nanoscale slot waveguides of hyperbolic metamaterials,” Opt. Lett. 37(14), 2907–
2909 (2012). 
20 E.I. Lyashko and A.I. Maimistov, "Linear guided waves in a hyperbolic planar waveguide. Dispersion relations," Quantum Electronics 45, 
1050 (2015). 
21 E.I. Lyashko and A.I. Maimistov, "Guided waves in asymmetric hyperbolic slab waveguides: the TM mode case," J. Opt. Soc. Am. B 33, 2320‐
2330 (2016). 
22 Y. Tang, Z. Xi, M. Xu, S. Bäumer, A. J. L. Adam, and H. P. Urbach, "Spatial mode‐selective waveguide with hyperbolic cladding," Opt. Lett. 
41, 4285‐4288 (2016) 
23 Ruey‐Lin Chern, Ming‐Chih Tsai,  and You‐Zhong Yu,  "Cylindrical Plasmonic Waveguides with Cladding of Hyperbolic Metamaterials,"  J. 
Lightwave Technol. 35, 1995‐2002 (2017) 
24  Hailin  Xu,  Leiming Wu,  Xiaoyu  Dai,  Yanxia  Gao,  and  Yuanjiang  Xiang,  "Tunable  infrared  plasmonic waveguides  using  graphene  based 
hyperbolic metamaterials," Optik ‐ International Journal for Light and Electron Optics 127, 9640–9646 (2016). 
25 Guanghui Wang, Weifeng Zhang, Jiahui Lu, Huijun Zhao, "Dispersion and optical gradient force from high‐order mode coupling between 
two hyperbolic metamaterial waveguides," Physics Letters A 380, 2774–2780 (2016) 
26 P. Berini, “Long‐range surface plasmon polaritons,” Adv. Opt. Photonics 1, 484–588 (2009). 
27 A. Boltasseva, T. Nikolajsen, K. Leosson, K. Kjaer, M.S. Larsen, and S.I. Bozhevolnyi, "Integrated Optical Components Utilizing Long‐Range 
Surface Plasmon Polaritons," J. Lightwave Technol. 23, 413 (2005). 
28 K. Leosson, T. Nikolajsen, A. Boltasseva, and S.  I. Bozhevolnyi, "Long‐range surface plasmon polariton nanowire waveguides  for device 
applications," Opt. Express 14, 314‐319 (2006) 
29 T. Søndergaard, S.I. Bozhevolnyi, and A. Boltasseva, "Theoretical analysis of ridge gratings for long‐range surface plasmon polaritons," Phys. 
Rev. B 73, 045320 (2006) 
30 T. Holmgaard, J. Gosciniak, and S.I. Bozhevolnyi, "Long‐range dielectric‐loaded surface plasmon‐polariton waveguides," Opt. Express 18, 
23009‐23015 (2010) 
31 X. Ni, Z. Liu, and A. V. Kildishev, nanoHUB: Photonics DB (Optical Constants, 2010). 
32 M. J. Dodge, “Refractive properties of magnesium fluoride,” Appl. Opt. 23(12), 1980–1985 (1984). 
                                                                                                                                                                                                                                              
33 P. Berini, "Figures of merit for surface plasmon waveguides," Opt. Express 14, 13030‐13042 (2006) 
34 R. Buckley and P. Berini, "Figures of merit for 2D surface plasmon waveguides and application to metal stripes," Opt. Express 15, 12174‐
12182 (2007) 
35 J. Grandidier, S. Massenot, G. Colas des Francs, A. Bouhelier, J.‐C. Weeber, L. Markey, A. Dereux, J. Renger, M. U. González, and R. Quidant, 
"Dielectric‐loaded surface plasmon polariton waveguides: Figures of merit and mode characterization by image and Fourier plane leakage 
microscopy," Phys. Rev. B 78, 245419 (2008). 
36 P. West, S. Ishii, G. Naik, N. Emani, V. M. Shalaev, A. Boltasseva, "Searching for better plasmonic materials," Laser Photonics Rev. 4, 795‐
808 (2010). 
37 G. V. Naik, V. M. Shalaev, A. Boltasseva, “Alternative Plasmonic Materials: Beyond Gold and Silver,” Adv. Mater. 25(24), 3264–3294 (2013). 
38  V.E.  Babicheva,  N.  Kinsey,  G.V.  Naik,  M.  Ferrera,  A.V.  Lavrinenko,  V.M.  Shalaev,  and  A.  Boltasseva,  "Towards  CMOS‐compatible 
nanophotonics: Ultra‐compact modulators using alternative plasmonic materials," Opt. Express 21, 27326‐27337 (2013) 
39 V.E. Babicheva, A. Boltasseva, A.V. Lavrinenko, "Transparent conducting oxides for electro‐optical plasmonic modulators," Nanophotonics 
4, 165‐185 (2015). 
40 K. M. McPeak, S. V. Jayanti, S. J. P. Kress, S. Meyer, S. Iotti, A. Rossinelli, and D. J. Norris. Plasmonic films can easily be better: Rules and 
recipes, ACS Photonics 2, 326‐333 (2015) 
41 M. A. Ordal et al. Optical properties of Al, Fe, Ti, Ta, W, and Mo at submillimeter wavelengths, Appl. Opt. 27, 1203‐1209 (1988) 
42 P. B. Johnson and R. W. Christy. Optical Constants of the Noble Metals, Phys. Rev. B 6, 4370‐4379 (1972) 
43 Handbook of Optical Constant of Solids, edited by E.D. Palik (Academic, New York, 1991) 
44 J. Sun, N. M. Litchinitser, and J. Zhou, "Indefinite by Nature: From Ultraviolet to Terahertz," ACS Photonics 1(4), 293–303 (2014). 
45 S. Dai, Z. Fei, Q. Ma, A.S. Rodin, M. Wagner, A.S. McLeod, M.K. Liu, W. Gannett, W. Regan, K. Watanabe, T. Taniguchi, M. Thiemens, G. 
Dominguez, A.H. Castro Neto, A. Zettl, F. Keilmann, P. Jarillo‐Herrero, M. M. Fogler, D. N. Basov, "Tunable Phonon Polaritons in Atomically 
Thin van der Waals Crystals of Boron Nitride," Science 343, 1125 (2014). 
46 A. Woessner, M.B. Lundeberg, Y. Gao, A. Principi, P. Alonso‐González, M. Carrega, K. Watanabe, T. Taniguchi, G. Vignale, M. Polini, J. Hone, 
R. Hillenbrand, F.H.L. Koppens, "Highly confined low‐loss plasmons in graphene–boron nitride heterostructures," Nature Materials 14, 421–
425 (2015). 
47 S. Dai, Q. Ma, M. K. Liu, T. Andersen, Z. Fei, M. D. Goldflam, M. Wagner, K. Watanabe, T. Taniguchi, M. Thiemens, F. Keilmann, G. C. A. M. 
Janssen, S‐E. Zhu, P. Jarillo‐Herrero, M. M. Fogler, D. N. Basov, "Graphene on hexagonal boron nitride as a tunable hyperbolic metamaterial," 
Nature Nanotechnology 10, 682–686 (2015). 
48 J. D. Caldwell,  I. Vurgaftman, J. G. Tischler, O. J. Glembocki, J. C. Owrutsky, and T. L. Reinecke, "Atomic‐scale photonic hybrids for mid‐
infrared and terahertz nanophotonics," Nature Nanotechnology 11, 9–15 (2016). 
49 Y. Cai, L. Zhang, Q. Zeng, L. Cheng, Y. Xu, "Infrared reflectance spectrum of BN calculated from first principles," Solid State Communications 
141, 262–266 (2007). 
